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ABSTRACT
Most giant spiral galaxies have pseudo or disk-like bulges that are considered to be
the result of purely secular processes. This may challenge the hierarchical scenario
predicting about one major merger per massive galaxy (>3×1010M) since the last ∼ 9
billion years. Here we verify whether or not the association between pseudo-bulges and
secular processes is irrevocable. Using GADGET2 N-body/SPH simulations, we have
conducted a systematic study of remnants of major mergers which progenitors have
been selected (1) to follow the gas richness-look back time relationship, and (2) with a
representative distribution of orbits and spins in a cosmological frame. Analyzing the
surface-mass density profile of both nearby galaxies and merger remnants with two
components, we find that most of them show pseudo-bulges or bar dominated centers.
Even if some orbits lead to classical bulges just after the fusion, the contamination by
the additional gas that gradually accumulates to the center and forming stars later on,
leads to remnants apparently dominated by pseudo-bulges. We also found that simple
SPH simulations should be sufficient to form realistic spiral galaxies as remnants of
ancient gas-rich mergers without need for specifically tuned feedback conditions. We
then conclude that pseudo-bulges and bars in spiral galaxies are natural consequences
of major mergers when they are realized in a cosmological context, i.e., with gas-rich
progenitors as expected when selected in the distant Universe.
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1 INTRODUCTION
In the local universe, 80% of galaxies more massive than
1010M show a significant bulge in their central parts (i.e.,
assumed with a Bulge-to-Total flux ratios B/T > 0.05, Fisher
& Drory, 2011; see also Kormendy et al., 2010). Bulges
can be separated into two broad types: classical bulges
and pseudo-bulges. Classical bulges exhibit properties re-
sembling elliptical galaxies, while pseudo-bulges are distin-
guished by their more disk-like features including bars (Ko-
rmendy et al., 2013; Andredakis & Sanders, 1994; Fisher
& Drory, 2016). A variety of observational morphological
and kinematic characteristics allow to classify bulges into
these two types (Kormendy & Kennicutt, 2004; Athanas-
soula, 2005; Fisher & Drory, 2016). Classical bulges are show
a smooth distribution of stars, are supported by velocity dis-
persion, and are strongly dominated by an old stellar popu-
lation. They also have a photometric radial profile similar to
mass surface density profile of elliptical galaxies with Sersic
indices close to 4 (see definition in Sect. 2). Pseudo-bulges
may show younger stars, even active star formation, and
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their dynamics is less supported by velocity dispersion than
classical bulges. Pseudo-bulges can result from the evolution
of bars, which translate into boxy/peanut isophotal shapes
when viewed edge-on. Gas accumulated at the center of a
galaxy as a result of the bar gravitational torques can also
result in inner disk structures called disc-like pseudo-bulges.
These share many properties of disk photometric profiles
close to exponential with possible substructures such as spi-
rals, star-forming knots or dust lanes (Athanassoula, 2005).
All pseudo-bulges share the properties that they can be iden-
tified as extra light in the central part above the exponential
profile of the outer disk. In this paper, we will simply refer as
”pseudo-bulges” all such structures in central parts of spiral
galaxies that are non-classical bulges.
Classical bulges are considered to be the result of galaxy
mergers, while pseudo-bulges and bulgeless galaxies are be-
lieved to be the product of secular evolution (Kormendy &
Kennicutt, 2004; Athanassoula, 2005). Indeed, when there
is a limited amount of gas in the progenitors of major merg-
ers, the violent relaxation of stars in the central parts of
the remnant results in a density profile with a high Ser-
sic index (Lynden-Bell, 1967). Conversely, secular processes
correspond to smoother dynamical processes in which gas is
© 2017 The Authors
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brought gradually to the center, resulting in pseudo-bulges
(Athanassoula, 2005; Debattista et al., 2006; Heller et al.,
2007; Athanassoula et al., 2013).
The fact that pseudo-bulges or bulgeless galaxies are
present in two thirds of large nearby spiral galaxies (Weinzirl
et al., 2009; Kormendy et al., 2010), seems to be in ten-
sion with the ΛCDM cosmological model predicting several
merger episodes per such galaxy (Stewart et al., 2008; Hop-
kins et al., 2010). Indeed, is has been shown that more than
50% of present-day galaxies with stellar masses larger than
3×1010M have experienced one major merger since z ∼ 1.5
(Hammer et al., 2005, 2009; Puech et al., 2012; Rodrigues et
al., 2017) leading often to a disk-dominated remnant. In this
context, it might seem difficult to explain how a majority of
local spiral galaxies could be devoid of classical bulges.
Perhaps spiral galaxies could be merger remnants of suf-
ficiently ancient events implying that their progenitors are
high redshift galaxies, the latter being gas-rich galaxies (Erb,
2008; Rodrigues et al., 2012). During gas-rich mergers (gas
fractions in the progenitors ≥ 50% at the fusion time), the
large amount of gas involved in the process can dampen
down the violent relaxation process otherwise taking place
at the center of the remnant, and result in much reduced
classical bulge fraction (Hammer et al., 2005; Robertson et
al., 2006; Hopkins et al., 2009; Hammer et al., 2009). At
larger scales, the gas inherits its angular momentum from
the orbital momentum of the merger and can then be re-
distributed into a thin disk (Barnes, 2002; Hopkins et al.,
2010; Athanassoula et al., 2016). The subsequent virializa-
tion phase of the rebuilt disk can last several Gyr (Hopkins
et al., 2009; Puech et al., 2012) during which instabilities
could develop and play a role in the formation of pseudo-
bulges, especially in presence of bars that can redistribute
gas towards the center.
The goal of this paper is to investigate how pseudo-
bulges could form in the centers of disks rebuilt after gas-
rich major mergers. It also extends previous studies using
N-body/SPH simulations of gas-rich major mergers. Hop-
kins et al., (2010) investigated how the remnant B/T scales
as a function of the progenitor masses, gas fractions, mass
ratio using a large library of binary gas-rich mergers be-
tween spiral progenitors. They found that major mergers are
a dominant channel for bulge formation, and that (at first
order) B/T decreases when the gas fraction increases. Kesel-
man et al., (2012) presented seven simulations of gas-pure
major mergers sampling a restricted range of orbits and spin
orientation between the progenitors, and found that the in-
ner structures formed are consistent with expectations from
pseudo-bulges.
Athanassoula et al., (2016) included a hot gaseous com-
ponent in the progenitor models and showed that the two
types of bulges can coexist in the remnants, with, on aver-
age, only ∼ 10 - 20% of the stellar mass of the remnants
ending in the classical bulge. Their study also highlight that
contrary to what is generally assumed in simulations of iso-
lated bar-forming galaxies, the bar is formed before the thin
disk is completely formed. In this paper, we present a more
systematic study of pseudo-bulge formation using a library
of 12 gas-rich major mergers hydrodynamical simulations
sampling all possible relative orientations (see §3). In §4, we
discuss the results in term of pseudo-bulge formation and
impact of bars, and compare observations and simulations.
We begin this study by revisiting the fraction of pseudo-
bulges in local galaxies using two complementary samples in
§2.
Throughout this paper, magnitudes are quoted in the
AB system and stellar masses are estimated using a diet
Salpeter IMF.
2 PSEUDO-BULGES IN LOCAL SPIRAL
GALAXIES
In this section we revisit the fraction of pseudo-bulge galax-
ies in the local Universe using two complementary samples.
The Kormendy et al., (2010) is based on a very local Vol-
ume, within 8 Mpc. One one hand, it therefore offers the
finest spatial resolution, particularly well-suited to distin-
guish pseudo from classical bulges. On the other hand, it is
limited by small statistics (only 16 spiral galaxies in total,
see §2.2), and it is likely not representative of the galaxy
mass function since the Kormendy et al., (2010) restrict
themselves to a nearest volume that contains small groups of
galaxies but not any denser environments. We therefore also
investigated the fraction of pseudo-bulges using the sample
of 66 spiral and S0 galaxies from Delgado et al., (2010), who
studied the morphology of a representative sample of nearby
galaxies selected in a much larger volume (at 0.02 < z < 0.03,
i.e., within 85 to 125 Mpc) from using bulge-to-disk morpho-
logical decomposition (see §2.3).
2.1 Distinguishing pseudo from classical bulges
The stellar distribution in the central parts can be charac-
terized using the Sersic index n (Sersic, 1963, 1968), which
is defined as follows :
I(r) = Ieexp
(
−bn
[(
R
Re
)1/n
− 1
])
(1)
in which I(r) is the stellar luminosity profile, Re is the half-
light radius of the bulge (Re = (bn)nr0 with bn ≈ 2.17n−0.355,
r0 the scale length of the bulge, Fisher & Drory, 2008, 2010),
and Ie is the luminosity at Re. It is generally accepted that
pseudo-bulges can be identified as those having n < 2, while
classical bulges show n ≥ 2 (Fisher & Drory, 2008). Pure
disks can be described by exponential disks with n = 1, in
the following we call h the scale length of the stellar disk
and Id is the luminosity at radius h.
Other criteria have been used to distinguish both types
of bulges such as, e.g., the velocity to velocity dispersion
ratio of stars (Athanassoula, 2005; Kormendy et al., 2010;
Fisher & Drory, 2016). However these require more expen-
sive hence rarer kinematic data, and Fabricius et al., (2012)
demonstrated a good correlation between Sersic index and
kinematics. Following this, we chose in this paper to identify
pseudo-bulges using the above criterion on n to allow sim-
pler comparison between observations and simulations (see
§4).
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2.2 The Kormendy sample
Kormendy et al., (2010) studied a volume limited sample
in a sphere of 8 Mpc around the Sun. They considered all
giant galaxies within this volume with 150 km.s−1 < Vcirc <
250 km.s−1, including the Milky Way (MW) and M31. Us-
ing the local Tully-Fisher relation (Hammer et al., 2007;
Pizagno, 2007), this translates into a stellar mass range
∼ 3.55 × 1010M < Mstellar < 1.3×1011M.
We checked for completeness using the local volume cat-
alogue of Karachentsev et al., (2013), using the same Kor-
mendy et al., (2010) criteria on distance and velocity (us-
ing stellar mass as a substitute). One spiral galaxy (Circi-
nus) was removed from the sample because Kormendy et
al., (2010) used a rotation velocity of 155 km.s−1, while this
value actually corresponds to Vmax rather than Vf lat , which
is ∼ 100 km.s−1 (Curran et al., 2008). We also updated the
2MASS K-band magnitude of M31 and the MW used by Ko-
rmendy et al., (2010), 2MASS images being affected by sky
subtraction residuals, to the more accurate values of -24.51
(Vega) and -24.02 respectively, as described in Hammer et
al., (2007). The resulting revisited sample of 16 spiral galax-
ies1, including one SB0/a (NGC 2787), is listed in Table
1. Figure 1 shows the K-band magnitude histogram of the
revisited sample.
Kormendy et al., (2010) classified the bulges using a
combination of different criteria : Sersic index, V/σ, stellar
formation from molecular gas observations, and identifica-
tion of disky structures in the center of galaxies such as
nuclear rings, bars, or nuclear disk. Amongst the 16 spiral
galaxies listed in Table 1, they found 62% of pseudo-bulges
(10/16), and 38% of classical bulges (6/16). The distribu-
tion of Sersic indices is shown in Figure 2. The fraction of
galaxies with non-classical bulges is 62% ± 25% for a 1-σ
Poisson fluctuations in the parent sample.
2.3 The Delgado-Serrano sample
Delgado et al., (2010) studied the morphology of a mass-
selected sample of 116 galaxies with Mstellar > 1.5×1010M
at 0.020 < z < 0.030 from the Sloan Digital Sky Survey
(henceforth SDSS). This sample is representative of the K-
band luminosity function at these redshifts in this range of
mass (see Delgado et al., 2010), as shown in Figure 1. From
a two-dimensional bulge+disk morphological decomposition
in R band using GALFIT (Peng et al., 2010), they iden-
tified 101 spiral and S0 galaxies in this sample. To avoid
extremely edge-on galaxies and avoid any bias in analyzing
the inner regions, we considered in the following only the 66
spiral and S0 galaxies with a b/a axis ratio larger than 0.35.
Fisher & Drory, (2016) argued that samples using SDSS im-
ages should not lie beyond 120 Mpc, which translates into z
= 0.03 for a seeing of 1.4 arcsec. Due to its selection from
the SDSS, the Delgado et al., (2010) sample provides a good
representation of the galaxy mass function, as well as a sig-
nificantly larger sample than that of the Local Volume. Re-
trieving the bulge properties is however altered by the spatial
1 We note that in this sample, Maffei 2 is a barred spiral with
a much lower surface brigthness which probably results in less
accurate photometry compared to the other galaxies.
resolution. Delgado et al., (2010) objective was to study the
evolution of the Hubble sequence as a function of redshift,
but not to look in detail to the inner structures.
We therefore visually inspected the two-dimensional fits
in these regions and found occurrences of bars, rings, warps
or tiny bulges not accounted for by the original fits. Be-
cause of the limited spatial resolution and signal-to-noise
ratio (S/N) in these structures, we repeated the disk+bulge
morphological decomposition (see Figures in Appendix A)
using 1D average flux profiles constructed using the ellipse
task from IRAF. For keeping an homogeneous treatment of
both observations and simulations, we only fit two compo-
nents per galaxy, assumed to be the bulge (with estimated
Sersic n index) and the disk (with exponential profile). It
implies that the fitted bulge often contains a contribution
from the bar, and the B/T ratio is more equivalent to a
(bulge+bar)/total ratio. There are several motivations in
doing so :
• For both observations and simulations the spatial res-
olution definitively limits attempts of segregating the bar
from the bulge;
• In observed galaxies the bar signature may range from
purely boxy bulges to large face-on viewed bars, depending
on the inclination;
• The flattening of the mass profile due to the softening
is currently 0.2 kpc (2.8 times the softening radius, see Sec-
tion 3.2), which can be compared to FWHM/2=1.4 arcsec
resolution, i.e., from 0.29 to 0.41 kpc for the observations.
These similar spatial-resolution limitations may warrant a
fair comparison between observations and simulations.
Using the Sersic index criterion, bulges were then clas-
sified into classical (n ≥ 2) vs. pseudo-bulges (n < 2, see
Table A), and found 88% ± 12% of pseudo-bulges or bulge-
less galaxies (58/66), and 12% of classical bulges (8/66).
We find that classical bulge galaxies are mostly S0 galaxies
in this analysis. Besides this, dust effects may potentially
impact the morphological classification. To verify this, we
further limit our sample to galaxies with b/a ≥ 0.5 and 0.65,
leading a fraction of 13% of classical bulges in the spiral
population. It suggests that our result is not strongly biased
by dust effects.
2.4 Distribution of Sersic index in local spirals
While the fractions of spiral galaxies with no classical bulges
are found to be consistent within 1-σ uncertainties in both
the Delgado et al., (2010) and the Kormendy et al., (2010)
samples, there might be several reasons why this fraction
might be significantly higher in the former. While in the Del-
gado et al., (2010) sample bulges were classified only on the
basis of the Sersic index, Kormendy et al., (2010) used addi-
tional criteria (see §2.2). A more restrictive selection might
naturally explain a smaller fraction of non-classical bulges.
In addition, the Kormendy et al., (2010) study sampled more
massive galaxies (compare the two panels in Figure 1) for
which the fraction of classical bulges likely increases (Ko-
rmendy et al., 2010; Zahid et al., 2017). While the Local
Volume sample is by construction complete (at least down
to relatively bright magnitudes) it is not necessarily repre-
sentative of the local luminosity function as the Delgado et
al., (2010) sample does. However, the discrepancy between
MNRAS 000, 1–25 (2017)
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Figure 1. Left panel : Distribution of the absolute magnitudes for galaxies of the Kormendy et al., 2010 sample, with MK (AB)= -21.51
corresponding to Vcir c = 150 km.s
−1 from the Tully-Fisher relation (Hammer et al., 2007). Right panel : Magnitudes distribution of the
66 spiral galaxies selected from the Delgado et al., 2010 sample. In both panels, the full (blue in the online version) line represents the
K-band luminosity function from Jones et al., 2006.
Table 1. Spiral galaxies from the Kormendy sample. We have converted magnitudes from the Vega system (used in Kormendy et al.,
2010) to the AB system by adding 1.85 for M31 and MW and 1.839 for the other galaxies.
Name MK (AB) V (km.s
−1) σv n σn Ref for n value Bulge type
NGC6946 -21.77 210 10 0.72 0.18 Kormendy et al., (2010) Pseudo
NGC5457 -21.88 210 15 1.91 – Kormendy et al., (2010) Pseudo
IC342 -21.39 192 3 1.80 – Fisher & Drory, (2010) Pseudo
NGC4945 -21.37 174 10 1.30 – Kormendy et al., (2010) Pseudo
NGC5236 -21.85 180 15 0.40 – Fisher & Drory, (2010) Pseudo
NGC5194 -22.10 240 20 0.50 0.14 Fisher & Drory, (2008, 2010) Pseudo
NGC253 -22.19 210 5 0.53 – Simien & De Vaucouleurs, (2006) Pseudo
Maffei2 -21.16 168 20 3.00 0.50 Kormendy et al., (2010) Pseudo
Galaxy -22.17 220 20 – – Kormendy et al., (2010) Pseudo
NGC4736 -21.52 181 10 1.30 0.20 Fisher & Drory, (2008, 2010) Pseudo
NGC2683 -21.28 152 5 2.50 0.40 Kormendy et al., (2010) Classical
NGC2787 -20.32 220 10 1.24 0.33 Fisher & Drory, (2008) Classical
NGC4826 -21.87 155 5 3.00 1.00 Kormendy et al., (2010) Classical
NGC4258 -22.01 208 6 2.80 0.50 Fisher & Drory, (2008, 2010) Classical
M31 -22.66 250 20 2.20 0.30 Courteau et al., (2011) Classical
M81 -22.16 240 10 3.80 0.10 Fisher & Drory, (2008, 2010) Classical
the two samples does not exceed the 1-σ Poisson fluctua-
tions associated to the limited size of the two samples. Con-
sidering such uncertainties, we can robustly conclude that
significantly more than half of nearby massive spirals are
bulge-less or pseudo-bulged galaxies, i.e., do no show classi-
cal bulges.
3 SIMULATIONS OF GAS-RICH MAJOR
MERGERS
We used a modified version of the public N-body/SPH code
GADGET2 (Springel, 2005), in which star formation, SN
feedback, and cooling were modeled following Cox et al.,
(2006) as implemented by Wang et al., (2012, 2015). We
adopted a constant feedback level 5× larger that median
conditions as defined by Cox et al., (2006) in order to pre-
serve a large enough gas reservoir at fusion time. We verified
that changing the feedback value does not impact the pro-
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Figure 2. Distribution of the Sersic indices for the Kormendy
sample (left panel) and for the Delgado sample (right panel). The
red line (in the online version) corresponds to the cut at n = 2.
files of the remnants significantly. A fiducial softening radius
of 73 pc (for the baryonic mass) was adopted along with a
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resolution of 500 000 particles. The core study of 12 gas-rich
major mergers sampling the different possible geometric and
spin orientations between the two progenitors is described
in §3.1. Mass profiles and disk+bulge morphological decom-
positions are detailed in §3.2. We checked that the resulting
mass profiles are sufficiently robust by repeating the same
core study at high resolution (2 millions particles) as de-
scribed in Appendix B, in which we also checked the impact
of a different softening radius (150 pc). All these parameters
were found to result in slight variations that do not impact
significantly the results presented in §4.
3.1 Gas-rich major merger models
The two progenitors were modeled following Barnes,
(2002). Briefly, the stellar mass of the main progenitor
(2.75×1010M) was scaled to approximately match the mass
ranges in the observed samples described in §2. We adopted
a mass ratio between both progenitors of 3:1, which is the
typical mass ratio observed in distant galaxy gas-rich major
mergers (Hammer et al., 2009). Gas fractions in the progen-
itors were scaled to typical values observed at z ∼ 1.5 (Ro-
drigues et al., 2012). This corresponds to a look-back time
of ∼ 9 Gyr, which matches the time after which the remnant
morphology was studied (see below). Both gas and stars were
distributed into pure thin exponential disks with a gas exten-
sion 5 times more extended than the stellar disk. The stellar
disk sizes correspond to the typical disks at z ∼ 1.5 (Bar-
den et al., 2005; Trujillo, 2006; Van der Wel et al., 2014).
A total of 20% in baryonic mass (stars and cold gas) was
assumed to approximately match the average cosmological
baryon density. Dark matter haloes were modelled using a
constant-density core profile as in Barnes, (2002). All com-
ponents were initiated at rotation velocities determined from
the Tully-Fisher relation determined in similar range of red-
shift and mass (Puech et al., 2010). All model parameters
are summarized in Table 2.
The two progenitors were initiated on parabolic rela-
tive trajectories following Barnes, (1992); Barnes & Hern-
quist, (1996); Barnes, (2002) (see Figure 3). These sam-
ple the three general possible cases describing the relative
orientations between the main progenitor and the orbital
planes : direct orbits, in which the inclination between the
main progenitor disk and orbital planes ∼ 0◦, inclined, in
which this angle ∼ 45◦, and polar, with ∼ 90◦. To sim-
plify the parameter space, the secondary progenitor was
chosen to have polar orbits but we checked that this as
no significant impact on the results. Conversely, spin ori-
entations were found to have significant impact so that
we conducted a complete study of relative spin orienta-
tions by sampling the 4 possible cases between the two
progenitors, i.e., prograde-prograde (PROPRO), prograde-
retrograde (PRORET), retrograde-prograde (RETPRO),
and retrograde-retrograde (RETRET). In this nomencla-
ture, prograde means that the progenitor rotation axis is
aligned with the merger orbit, while retrograde means an
opposite rotation. This leads to a core study of 12 orbits
(see Figure 3). We note that these limited cases are nev-
ertheless representative in term of orientation of the main
progenitor and relative spins (Barnes, 1992). Indeed, this pa-
per does not seek to model specific observations but rather
aims to construct a library covering typical orbits that have
significant probability to happen in reality.
3.2 Fitting bulges in merger remnants
Simulations were run over about 12 Gyr to ensure that the
remnants are sufficiently virialized. Results were visually in-
spected to measure characteristic times. The first passage
and fusion times were found to occur on average 1.5 and 3
Gyr after the beginning of the simulation, respectively. It
is broadly consistent with other simulations producing disk-
like remnants (Cox et al., 2006, 2008; Brook et al., 2007;
Lotz et al., 2008; Dutton & Van Den Bosch, 2009), with
similar masses and gas fractions. We extracted snapshots
after 9.3 Gyr of simulation, which place the beginning of
the simulations at z ∼ 1.5, matching the lookback-time at
which gas fractions in the progenitors were adopted from
observations (see §3.1), and providing self-consistent simu-
lations. This implies that remnants galaxies have virialized
over 6.3 Gyr after fusion, therefore reaching sufficient equi-
librium while letting enough time for subsequent processes
to develop during the latest stages of the merging.
From these snapshots, we centered (using the stellar
barycenter within 30 kpc) and aligned the remnants to build
face-on, stellar-mass surface density maps. These profiles
were then constructed (in M/kpc2 units) within rings of 0.1
kpc and 1 kpc beyond a radius of 5 kpc to enhance signal-
to-noise ratio. They were compared to the profiles obtained
using the ellipse task within IRAF, which gives similar re-
sults. The 1D profiles were used to decompose the remnants
into an exponential disk and an inner Sersic profile as de-
scribed in §2. Results are listed in Appendix D.
Several difficulties could arise during such profile fitting.
First, one has to deal with a global degeneracy between the
bulge and disk parameters. Indeed, different sets of [n, Re,
Ie, Id, h] values can adjust the profile with similar resulting
χ2, which results in uncertainties on all fitted parameters.
In particular, the transition region between the bulge and
the disk is often degenerated between the two profiles (see
Figure 4), in particular in presence of a faint bar. The way
to put the disk in relation to the bulge could change the
Sersic n index of the bulge, resulting in uncertainties of ±0.2
in n, ±0.1 kpc in Re, ±0.3 kpc in h, and ±0.1 in B/T . Since
we used the same method of 1D fitting than done for the
Delgado sample analysis, we expect similar uncertainties
for the latter than those estimated above. In parallel to the
fit, we used the 2D stellar mass density maps using both
face-on and edge-on projections to correctly identify the
different structures as illustrated in Figure 4. The finite
softening radius in the simulations result in a flattening of
the structures in the central regions below 2.8 times this
radius in the center (Springel, 2005), just as the seeing does
for observations. To avoid this problem, we have adjusted
all the mass density profiles by excluding the central parts
affected by the softening radius.
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Table 2. Parameters of the core study.
Parameter Value
Stellar disk scale length of the first progenitor 3 kpc
Stellar disk thickness of the first progenitor 0.2 kpc
Gas disk scale length of the first progenitor 15 kpc
Stellar disk scale length of the second progenitor 1.73 kpc
Stellar disk thickness of the second progenitor 0.115 kpc
Gas disk scale length of the second progenitor 8.5 kpc
ahalo of the first progenitor 4 kpc
ahalo of the second progenitor 2.86 kpc
Total stellar mass of the first progenitor 2.75 ×1010M
Baryons fraction (bf) 0.20
Masses ratio (mr) 3:1
Gas fraction of the first progenitor (cold gas) 0.52
Gas fraction of the second progenitor (cold gas) 0.72
Temperature of gas at the beginning 104 K
Rotation velocity of the first progenitor 218 km.s−1
Rotation velocity of the second progenitor 145 km.s−1
Feedback constant (5 x median)
Pericenter (rp) 16 kpc
Merger orbit parabolic
Number of particles 500 000 to 2 millions
Mass of star particles 4×105M to 105M
Mass of gas particles 1 x Mst ar
Mass of dark matter particles 2 x Mst ar
Softening for star particles 0.073 kpc
Softening for gas particles 0.073 kpc
Softening for dark matter particles 0.091 kpc
Stellar mass range of remnants within 15kpc 3.99 × 1010 - 5.47 × 1010M
Orbit i1 ω1 i2 ω2
DIR-PROPRO 0◦ 0◦ 71◦ −30◦
DIR-PRORET 0◦ 0◦ −109◦ −30◦
DIR-RETPRO 180◦ 0◦ 71◦ −30◦
DIR-RETRET 180◦ 0◦ −109◦ −30◦
INC-PROPRO 71◦ 30◦ 71◦ 30◦
INC-PRORET 71◦ 30◦ −109◦ 30◦
INC-RETPRO −109◦ 30◦ 71◦ 30◦
INC-RETRET −109◦ 30◦ −109◦ 30◦
POLAR-PROPRO 71◦ −90◦ 71◦ −90◦
POLAR-PRORET 71◦ −90◦ −109◦ −90◦
POLAR-RETPRO −109◦ −90◦ 71◦ −90◦
POLAR-RETRET −109◦ −90◦ −109◦ −90◦
Figure 3. Left panel : Orbital parameters of the two progenitors. i corresponds to the angle between the orbital plane and the spin plane
of the galaxy, ω is the angle between the intersection axe (of the orbital plane and the spin plane) and the pericenter axe. Right panel :
Snapshots of the first passage for the 12 simulations. The white arrow shows the direction of the merger orbit in the plan, blue arrows
(in the online version) show the rotation of the progenitors (prograde or retrograde).
4 SIMULATION RESULTS
4.1 Remnant galaxies are all spirals in the core
study
We observe in the simulations a behavior broadly consistent
with previous simulation studies (see references in Introduc-
tion). The two progenitors orbits intersect at least two times
(first and second passage), while a bar often forms in the
main progenitor at the beginning of the simulation as a re-
sult of resonances between the orbit of the secondary and
the internal rotation (Hopkins et al., 2009). After a 3rd and
in some cases a 4th passage, the fusion of the two nuclei
takes place, on average 3 Gyr after the beginning of the
simulations. All along the interaction gas and stellar parti-
cles are ejected into tidal tails in which tidal dwarf galaxies
may form. Many old stars end up in the central parts due to
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Figure 4. 1D fit of mass profile for one simulation with the 2D
analysis. Top left panel (a) : The thick red line (a color version
of this figure is available in the online journal) corresponds to the
stellar mass per kpc2, the same profile for gas mass is shown in
green. The dashed red line is the fit of the bulge component by a
Sersic function, the exponential disk is fitted in the dashed blue
line. The magenta line represents the softening radius (0.204 kpc).
Top left panel (b) : Velocity curve of the analyzed galaxy, the red
line corresponds to the stellar velocity curve, the green one to the
gas velocity curve, which follows the velocity curve expected for
the total mass (thick black line). Bottom left panel : Zoom of the
1D fit of mass profile. Right panels : 2D map of stellar mass on
60 kpc, face-on view on top panel, edge-on view on bottom panel.
We can see a central bulge in black, the transition part in dark
grey, the thin disk in grey and the outer disk in light grey.
the violent relaxation, a small fraction of them in the thick
disk and in the halo, while young stars converted from the
gas form the thin disk and disky structures as bars or rings.
In particular, we confirmed that gas-poor progenitors may
result in elliptical galaxies (see §4.2), while gas-rich major
mergers reform thin disks.
Figure 5 shows an atlas of face-on and edge-on views of
the 12 remnant galaxies part of the core study, ∼ 8 Gyr after
the first passage and ∼ 6.3 Gyr after fusion. The remnants
are all spiral galaxies with several structures such as bulges,
large disks, bars, or rings. It emphasizes that no specific
needs are required to rebuild disks after realistic gas-rich
mergers expected to occur at moderate to high-redshift. It
has been often proposed that disk rebuilding only occurs
in the presence of extreme or peculiar feedback conditions
in the central regions, for, e.g., preserving the gas before
fusion. We verified that decreasing our feedback to the me-
dian value adopted by Cox et al., (2006) would not change
drastically our conclusions : for realistic values of the gas
fractions in progenitors taken before the first passage at z ∼
1.5, major mergers produce only spiral galaxies. They were
found to have stellar masses (within r = 15 kpc) in the range
3.99×1010M < Mstellar < 5.47×1010M, which is in agree-
ment with the mass range of the observational samples (see
§2). Resulting B/T are given in Table D (see the 12 first
entries and also compare with the next set of 12 similar sim-
ulations with 2 M particles) showing that all remnants in the
core study have B/T < 0.45. Since in the two components
decomposition, bar is assumed to be part of the central re-
gion (see §2.3), these B/T values correspond to upper limits
of the bulge-to-total fraction.
4.2 Properties of bulges & bars in the core study
Figure 6 shows the distribution of the Sersic indices (n),
which are almost all characteristic of pseudo-bulges. We at-
tribute the fact that we have very few classical bulges in
the remnants to the large gas fractions adopted in the core
study, which are representative of conditions in progenitors
at z ∼ 1.5 (see §3.1). Indeed, high gas fractions dump the
violent relaxation during the fusion. Later on, the gas may
accumulate in the center and can form new stars in the sur-
roundings of the newly formed bulge (Hopkins et al., 2009,
2010). This phenomenon of gas feeding the center may re-
semble a secular process, while instead, it is actually a direct
consequence of the merger.
Does it mean that mergers are only producing pseudo-
bulges? In Section 4.3 we will show that higher gas mass
fractions expected for mergers occurring at higher redshifts
than those in the core study, would unavoidably lead to more
numerous pseudo-bulges. However some mergers may have
occurred more recently, and from progenitors having smaller
gas fractions. To test this, we simulate similar mergers than
those of the core study but with main and secondary pro-
genitors having gas fractions of only 26% and 36%, respec-
tively. The latter corresponds to gas fractions representative
of z ∼ 0.5 galaxies (Rodrigues et al., 2012), and the morpho-
logical analysis was repeated only 2.2 Gyr after fusion (or
5.2 Gyr after the beginning of the simulation) to keep these
mergers representative of the cosmic epoch - gas fraction re-
lationship. Figure 6 evidences significant larger values for the
Sersic indices, with 40% of classical bulges instead of a few
percents. We attribute such a large change to the combina-
tion of two factors, one being the decreased gas fraction, the
other because later-on gas feeding the central regions would
have less time to proceed. However the observed evolution
of the merger rate highly favors merger events occurring be-
tween high-redshift gas-rich galaxies. Then, the main result
of the core study stands : major mergers occurred mostly at
high redshifts and should mostly lead to form pseudo-bulges.
We repeated the morphological decomposition at 0.8,
2.2, 3.5, 4.9, 6.3, 7.7, and 9.0 Gyr after fusion. Figure 7
shows the resulting time evolution of the Sersic index for the
core study. Every simulation presents a bar at some time in
the simulation, except the simulation with the orbit DIR-
PROPRO. For eight simulations (see Figure 7, top panel),
the Sersic index decreases with time, in contrast with most
other parameters that remained unchanged (see Figure 8).
This behavior suggests that gas is accumulating towards the
central regions often driven by bars, resulting in the for-
mation of an increasingly disk-like mass profile characteriz-
ing pseudo-bulges. Figure 7 indicates that even if a classical
bulge (n > 2) is formed ∼ 1 Gyr after the fusion, a pseudo-
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Figure 5. 2D maps of stellar mass for the 12 remnant galaxies modelled with 2 millions particles. Left : Edge-on view, Right : Face-on
view. DIR, INC and POLAR correspond to the three orbital planes of the merger. PROPRO, PRORET, RETPRO and RETRET
correspond to the spin orientations of progenitors: prograde or retrograde compare to the direction of the orbit merger (see Section 3.1
for more details). Old stars are seen in yellow (in the online version) and young stars are seen in blue (born since the fusion). One can
see several components : bulges in the center, bars and thin disks in blue, double-disks, thick disks and halos can be seen in yellow in
the external parts. Each box has a size of 100 kpc.
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Figure 6. Sersic index distribution for the core study assuming
a fusion occurring 6.3 Gyr ago (left) and 2.2 Gyr ago (right).
Corresponding gas fractions are indicated (see also text). The cut
at n = 2 is shown as a red line (in the online version).
bulge component is progressively superimposed, leading to
smaller Sersic index (see also Athanassoula et al., 2016).
Four orbits (see Figure 7, bottom panel) however show no
evolution with time of the Sersic index that remains con-
stant, including the INC-RETPRO orbit, which kept a per-
manent classical bulge. The orbital parameters of this spe-
cific simulation influence the gas distribution and prevent
significant amount of gas to be brought into the center. We
conclude that gas-rich major mergers can form classical and
pseudo-bulges, with an increasing contribution of the later
with time, both coexisting as it has been suggested for the
Milky Way bulge (Babusiaux, 2016).
Almost two thirds of local spiral galaxies have bars
in their central parts (Eskridge et al., 2000; Knapen et
al., 2000; Laurikainen et al., 2004; Menendez et al., 2007;
Barazza, 2008; Aguerri et al., 2009; Gadotti, 2009), which
result from disk instabilities (Binney et al., 2008). During
Figure 7. Time evolution of the Sersic indices for the core study
for the different orbits (see the color version of this figure in the
online journal to distinguish each orbit).
a major merger, it is also common to form bar-like struc-
tures at the beginning of the merger during the first passage
resulting from resonances between the main progenitor and
the orbit (Hopkins et al., 2009; Athanassoula et al., 2016). At
these stages, bars may have a high angular momentum and
rotate relatively fast. If the resonance is strong the bar can
survive after the fusion and bring gas into the central parts
of the remnant. It can then evolve and change in orientation,
spin, shape, and length. Bars have Sersic index between 0.5
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Figure 8. Time evolution of the parameters (B/T )P , (B/T )AM , h
and Re for the core study as a function of the different orbits (see
the color version of this figure in the online journal to distinguish
each orbit).
and 1, as expected since they are density fluctuations of the
disk with which they share similar properties (see Gadotti,
2011).
In the core study, we obtained 9/12 orbits forming bars,
whose 2 with large bars (size ≥ 4 kpc for DIR-RETPRO and
DIR-RETRET), 2 other with medium size bars (2 < size < 4
kpc for INC-RETPRO and INC-RETRET). The last 5 bars
have size ≤ 1.1 kpc. For the two simulations with large bars,
we explored the impact of the pericenter (12, 20 and 28 kpc)
and gas extension (9, 15 and 21 kpc) on the bar formation.
Figure 9 shows that for both orbits, a stronger bar is ob-
tained when the extension of gas is equal or less than the
pericenter value, probably because of more favorable reso-
nances. Note that these configurations imply that when the
secondary progenitor is at pericenter, both progenitor gas
disks are in contact. More tests on different orbits would
be necessary to conclude on the resonance between the gas
extension and pericenter.
4.3 Influence of gas fraction & mass ratio
We tested three additional gas fractions for the main and
secondary progenitors : 7%-10%, 26%-36%, and 72%-92%,
Figure 9. 2D images of the two simulations DIR-RETPRO and
DIR-RETRET favorable to form bars. For each panel, on the top
we have changed the gas extension, while on the bottom we have
changed the pericenter (Rp).
respectively. Figure 10 shows the resulting Sersic indices,
1D-fitting morphological B/T ratios, alternative B/T ratios
measured using an angular momentum decomposition fol-
lowing Hammer et al., (2010), and disks scale lengths h of
the thin disks as a function of gas fraction. The (B/T)AM
calculated from the angular momentum (i.e., all particles
that are lying in the bulge radius and showing no preferen-
tial angular momentum) is determined with a much higher
accuracy that the photometric (B/T)P and corresponds to a
more physical parameter to characterize merger remnants.
This is why it is interesting to see that almost all models
show very similar (B/T)AM ratio (see also Figure 8) and that
this ratio is decreasing with increasing gas fraction. However
(B/T)AM cannot be properly estimated in most observations,
so in this paper it serves us as a guidance to control possi-
ble effects linked to the (B/T)P estimates that show much
larger scatter (see a comparison between the two ratios in
Appendix C).
Figure 10 shows that in general all parameters are de-
creasing with increasing gas fraction, but the bulge effective
radius that shows a decrease and then an increase for gas
fraction larger than 30%. We suspect that the later behavior
is associated to the large bars, whose formations are favored
by large gas fractions. The same mechanism probably ex-
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Figure 10. From top to bottom : Sersic index, photometric B/T,
angular momentum B/T and size of disks (h) as a function of the
main progenitor gas fraction (see text). We show the dependance
of these parameters for the twelve simulations with 500 000 par-
ticles (see the color version of this figure in the online journal to
distinguish each orbit).
plains why the Sersic index of all remnants is close to 1 for
gas fractions 72%-92%.
Figure 11 shows the resulting morphological B/T super-
imposed on the results from the study of Hopkins et al.,
(2010). The mean (B/T) over all orbits is 0.30 with a stan-
dard deviation of 0.08. The scatter in B/T associated to a
change of orbital parameters is found to be similar to the
scatter associated to the change of gas fraction in the pro-
genitors as determined by Hopkins et al., (2010). We however
notice that our B/T estimates are systematically larger than
those theoretically calculated by Hopkins et al., (2010) since
the later correspond to the sole classical bulge component
conversely to our estimates that include contribution from
bars.
We found that the higher the gas fraction, the larger the
bars are. Table D shows that we obtain no large bars (size
≥ 4 kpc) with gas fractions of 7% − 10% and of 26% − 36%,
while 2 large bars are obtained for gas fraction of 52%−72%
and 5 for gas fractions of 72% − 92%.
For verifying the ability of SPH merger models to form
bulge-dominated galaxies, we also conducted simulations
Figure 11. Mean values of (B/T )P from the 12 orbits of the core
study for 4 different gas fraction compared to the dispersion given
by the relation B/T ∼ µgal (1 − fgas ) from Hopkins et al., (2010)
where µgal is the mass ratio between the two progenitors. The
vertical line corresponds to a mass ratio 0.2, which gives a limit
between major mergers and minor mergers.
with gas fraction as small as 0.2% in the main progenitor
and 0.6% for the secondary, and for a mass ratio of 3:1 and
1:1. In both cases we obtain a high Sersic index (n > 2.5),
while a bar form in the center. A thick disk is formed in
the first case, while an elliptical galaxy is obtained in the
second.
Finally, we also tested two other different mass ratios
for three particular orbits, i.e., 1.5:1 and 4.5:1. We note that
for the orbit favorable to bar formation (DIR-RETPRO),
the bar is larger when the mass ratio is 4.5:1 than when the
mass ratio is 1.5:1.
5 DISCUSSION & CONCLUSION
We have presented a systematic study of gas-rich major
merger remnants to verify whether or not there is a ten-
sion between the low fraction of nearby galaxies with classi-
cal bulges and the hierarchical scenario of galaxy formation.
The main result of this study is that mergers of galaxies
conducted in realistic cosmological conditions are producing
mostly pseudo-bulges and only few classical ones. Indeed
most mergers are expected to occur in the distant Universe
where galaxies are gas-rich, and our study shows that the
residual gas after the fusion gradually falls into the center
forming bars and pseudo-bulges for most of the orbital pa-
rameters. Forming a significant fraction of classical bulges
requires mergers to occur in the nearby Universe with fusion
times a few billion years ago, but these events are unlikely
to be dominant in the hierarchical scenario (Le Fevre et al.,
2000; Rawat et al., 2008). Formation of bulge-dominated
galaxies with Milky Way masses requires event more strin-
gent conditions, i.e., extremely small gas fractions and pref-
erentially 1:1 mergers.
We argue that our study is rather representative of ex-
pectations from cosmological conditions, because (1) progen-
itor gas fractions are adapted from their epoch of involve-
ment into a merger; (2) the orbital parameters are repre-
sentative of cosmological simulations presenting the whole
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range of angles expected for parabolic encountering. Our
choice of mass ratio to 3:1 (from Hammer et al., 2009) of 16
kpc pericenter and of high feedback is not affecting our main
result since variations of these parameters do not change our
conclusions. Perhaps a significant progress in sampling prop-
erties of mergers remnants would be to allow variance in the
orientation of the secondary (assumed to be polar), which
would let us with 24 additional simulations in the core study.
Otherwise we may conclude that our approach is useful when
compared to cosmological simulations since it allows to char-
acterize remnants with a large number of particles and with
a rather realistic treatment of the gas hydrodynamics.
All remnants of our core study have been analyzed us-
ing a two-component (disk+bulge) method for fitting their
surface mass-density profiles, in a very similar way to what
has been done for observed galaxies, and with similar limi-
tations on spatial resolutions. It results that all remnants of
our core study are spiral galaxies, with their centers domi-
nated by pseudo-bulges and bars, instead of classical bulges.
This leads to another important result of this study, since no
specific recipe on feedback has been required, and we have
verified that reducing feedback to the mean value of Cox
et al., (2006) does not significantly affect it. A significant
improvement of our modeling and comparison with obser-
vations may be to include realistic dust and stellar popula-
tions, even if we have shown that dust effects could not have
strongly biased our statistics (see Section 2.3).
Further tests could be done to characterize even more
realistic hydrodynamics conditions with, e.g., an hydrody-
namical solver such as GIZMO (Hopkins, 2015). Higher
number of particles would be also useful to compare the
properties of the remnants with those of Local galaxies such
those studied by Kormendy et al., (2010).
This study is also bringing a data basis of how should
be realistic merger remnants for, e.g., verify whether their
properties resemble that of today spiral galaxies. For exam-
ple, one may study the double disk properties (as done by
Peschken et al., 2017) to verify if the observed fractions of
Type I, II and III are consistent with our results. Figures 8
and 10 evidence that orbits provide a large variance in B/T,
disk scale-length, and bulge effective radius, which could rep-
resent qualitatively well most of the present-day spirals : in
fact we reproduce most of their structures, such as thin and
thick disks, halo, bulges, bars and rings.
Finally we conclude that the dichotomous picture for
which pseudo-bulges form secularly while classical bulges
form in mergers, has been perhaps pushed too much, and
we hope this study may help to clarify that at least pseudo-
bulge may form in another way. An important follow up of
this paper will be to compare the overall properties (includ-
ing luminosity profiles and kinematics) of galaxies with the
results of a grid of realistic merger remnants, at different
epochs.
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APPENDIX A: METHODOLOGY OF THE
MORPHOLOGICAL STUDY ON THE
DELGADO-SERRANO SAMPLE.
For each galaxy of the Delgado-Serrano et al. (2010) sam-
ple, we have revisited the estimation of the B/T. To fit the
profile of the corresponding 66 objects, we have first recov-
ered the profile of each galaxy using the Ellipse task within
IRAF. The recovered isophotal profile was then fitted using
an interactive program developed by our team that is based
on a two components fit (bulge+disk). The central region
of each profile was not used because the flattening in the
central region is only due to the limited spatial resolution
of the observations (seeing). All the fits were performed by
TS. Each fit was validated independently by FH and MP, a
final sampling verification was performed by HF.
Figure A1 presents four examples of disk+bulge decomposi-
tions in 1D (see captions for details). Table A displays the
parameters of the Delgado-Serrano et al. (2010) galaxies.
To have an estimation of how the flux profile in the central
parts of the galaxies is affected by the spatial resolution, we
degraded HST images of a very nearby galaxy (NGC 3982)
down to the SDSS PSF. We verified that for bulges with
effective radius smaller than 3 to 7 times the HWHM, the
peak at the center could be underestimated by up to one
magnitude. We circumvent this problem by avoiding any fit
within the HWHM (see the magenta line in Figure A1), and
after further tests in fitting bulges we estimate to ± 0.2 the
error on the Sersic n index.
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Figure A1. Morphological analysis for four galaxies in the Delgado sample. The thick red line corresponds to the surface brightness of
the object (a color version of this figure is available in the online journal), the dash red line is the fitted Sersic component, the dash blue
line is the fitted exponential disk. The magenta line represents the HWHM of the PSF (∼ 1.4 arcsec). The main parameters associated
to the fit are given on the plot, and the bulge classification is provided inside the blue box on the right. Bottom panels show the galaxies
with different contrasts providing also concentric circles to compare with the fit of the profile.
MNRAS 000, 1–25 (2017)
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APPENDIX B: IMPACT OF THE SOFTENING
VALUE AND OF THE RESOLUTION ON
RESULTS.
In this section, we describe the impact of the value of the
softening radius and of the resolution on results for three
different orbits.
The softening radius flattened the structures below 2.8
times this radius in the center (Springel, 2005) and impacts
the bar formation. However, the value of 73 pc is consistent
with the values taken by Peschken et al., (2017), Athanas-
soula et al., (2016) or by Cox et al., (2006), i.e., between
25 and 100 pc. We have tested another value of softening :
150 pc. The effect of increasing the softening radius on the
profiles of three different orbits can be seen in Figure B1.
The first orbit (DIR-RETPRO) is an orbit favorable to res-
onances, and the change of softening may affect the profile
center. For the other two cases without bars we can see the
flattening at the center althought the mass profile is gener-
ally unaffected by the softening choice.
In Figure B2, we can see the superposition of mass pro-
file for 4 simulations with 500 000 particles and 2 millions
of particules. We conclude that the number of particles does
not change much the mass profile and the analysis. We can
see the comparison of Sersic index between 500 000 particles
and 2 millions of particles on Figure B3. The only difference
is that 2 millions of particules models help to generate res-
onance effects and we find 3 more bars than for 500 000
particules models (see Table D).
APPENDIX C: COMPARISON BETWEEN
PHOTOMETRIC B/T RATIO AND B/T RATIO
FROM ANGULAR MOMENTUM
DECOMPOSITION.
Figure C1 shows the distribution of the photometric B/T
ratio values in function to the B/T ratio from angular mo-
mentum decomposition. The error estimated for the photo-
metric B/T ratio is ±0.1. The only parameter involved in the
measure of B/T ratio from angular momentum is the radius
chosen to have velocity of stars inside this radius, this could
also give a small error that we could add to the previous one.
Consider this, only three points are really out of uncertainty,
which are almost all elliptical or S0 galaxies :
• INC-PROPRO-fgas0-mrt1 : the simulation INC-
PROPRO without gas and with a mass ratio 1:1, which is
an elliptical galaxy.
• INC-PROPRO-fgas0-mrt3 : the simulation INC-
PROPRO without gas and with a mass ratio 3:1, which is
an object with a small bar and a large thick disk.
• DIR-RETPRO-mrt1.5 : the simulation DIR-RETPRO
with a mass ratio of 1.5:1, which has a large thick disk.
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Figure B1. Top three panels : Superimposition of mass profile
for three simulations with a softening radius of 73 pc (in red in
the online version) and 150 pc (in blue in the online version).
Bottom panels : corresponding 2D images within boxes of 60 kpc.
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Figure B2. Superimposition of mass profiles for the 4 simulations
with 500 000 particles (in red in the online version) and 2 millions
of particules (in blue in the online version).
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Figure B3. Comparison between the Sersic index of simulations
for 500 000 particles and for 2 millions of particles. The grey line
is the values if Sersic index was that of 500 000 for both sets
of simulations. The red lines (in the online version) are the grey
line ±0.2, which corresponds to the uncertainty estimated on the
Sersic index.
APPENDIX D: RESULT OF SIMULATION
FITS.
The following Tables summarize all results of the disk+bulge
decomposition from the simulations. The columns are : name
of the orbit, bar size in kpc, 5 fitted parameters [Ie, n, Re,
Id, h], (B/T) ratios (from photometry and from angular mo-
mentum, respectively), gas fraction of the remnant galaxy
and mass in M. The name of the simulation set is indicated
at the top of each panel. Very compact bulges with Re simi-
lar or less than 0.20 kpc (which corresponds to 2.8 times the
value of the softening) are unlikely reliable.
0.0 0.2 0.4 0.6 0.8 1.0
(B/T )AM
0.0
0.2
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1.0
(B
/T
) P
INC-PROPRO-fgas0-mrt1
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fgas0-mrt3
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Figure C1. Comparison between the photometric B/T ratio and
the B/T ratio from angular momentum decomposition for all the
182 simulations analyzed. The grey line is the values if B/T ratio
was equal for both methods. The red lines (in the online ver-
sion) are the grey line ±0.1, which corresponds to the uncertainty
estimated on the measured photometric B/T ratios.
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